Abstract: The usefulness of intraoperative neurophysiological monitoring (IONM), including somatosensory-evoked potential (SSEP) and transcranial electrical motor-evoked potentials (TcMEPs) in cervical spine surgery still needs to be evaluated. We retrospectively reviewed 200 cervical spine surgery patients from 2008 to 2009 to determine the role of IONM in cervical spine surgery. Total intravenous anesthesia was used for all patients. IONM alerts were defined as a 50% decrease in amplitude, a 10% increase in latency, or a unilateral change for SSEP and an increase in stimulation threshold of more than 100 V for TcMEP. Three patients had SSEP alerts that were related to arm malposition (2 patients) and hypotension (1 patient). Five patients had TcMEP alerts: 4 alerts were caused by hypotension and 1 by bone graft compression of the spinal cord. All alerts were resolved when causative reasons were corrected. There was no postoperative iatrogenic neurological injury. The sensitivities of SSEP and TcMEP alerts for detecting impending neurological injury were 37.5% and 62.5%, respectively. The sensitivity of both SSEP and TcMEP used in combination was 100%. No false-positive and false-negative alerts were identified in either SSEP or TcMEP (100% specificity). The total intravenous anesthesia technique optimizes the detection of SSEP and TcMEP and therefore improves the sensitivity and specificity of IONM. SSEP is sensitive in detecting alerts in possible malposition-induced ischemia or brachial plexus nerve injury. TcMEP specifically detects hypotension-induced spinal functional compromises. Combination use of TcMEP and SSEP enhances the early detection of impeding neurological damage during cervical spine surgery.
C ervical spine surgery is a treatment choice for various cervical spine diseases, including myelopathy, stenosis, radiculopathy, fractures, tumor, etc. The number of cervical spine surgeries has been continuously increasing because of an aging population, improved imaging technologies, instrumentation, and surgical techniques. It is known that the cervical spine surgery is associated with neurological, cardiopulmonary, vascular, and infectious complications. 1 Incidence of new postoperative neurological deficits has been reported from 0.3% to 3.2% after cervical spine surgery. [2] [3] [4] Although a relatively rare occurrence, iatrogenic neurological injury may lead to catastrophic consequences. Early detection of iatrogenic neurological compromise during the procedure is essential to avoid neurological injury. Intraoperative neurophysiological monitoring (IONM) has been widely used in spine surgeries since somatosensory-evoked potential (SSEP) was introduced in the late 1980s. 5 SSEP consists of a series of waves that reflect sequential activation of neural structures along the somatosensory pathways. The SSEP components generated in the brainstem and in the cerebral cortex are mediated entirely by the posterior columns of the spinal cord. Damage of the posterior columns of the spinal cord rostral to the root levels where the afferent somatosensory activity enters the spinal cord can affect the SSEP generation in the brain. However, the damage of the anterolateral spinal cord may not be detected by SSEP, which may fail to detect spinal cord compromise that affects the descending motor pathways but spares the posterior columns. 6 It is important to monitor the motor tracts and the posterior column. Transcranial electrical motor-evoked potential (TcMEP) monitoring stimulates the scalp electrically to produce an electrical current within the brain's motor cortex, which then activates or progresses through the motor pathways. These motor pathways primarily constitute the lateral corticospinal tract, and are located in the lateral and the ventral funiculi of the spinal cord. As the ventral and the dorsal spinal cords have separate blood supply, with very limited collateral flow, an anterior cord syndrome (paralysis or paresis with some preserved sensory function) is a possible surgical sequela. TcMEP has been used in spine surgeries and has demonstrated effectiveness in evaluating the motor pathways. 7, 8 The role of SSEP and TcMEP in detecting early neurological compromises caused by mechanical stress, surgical manipulation, and hypotension in cervical spine surgery has been widely evaluated. [9] [10] [11] Hilibrand et al 9 reported that TcMEP was 100% sensitive and specific in detecting impeding spinal cord injury during cervical spine surgery. However, the usefulness of SSEP in anterior cervical spine (ACS) surgery has been questioned because of the findings that intraoperative SSEP monitoring during anterior cervical discectomy and fusion surgery in nonmyelopathic patients was not superior to unmonitored cases, 12, 13 and in cervical spine corpectomy surgery. 14 Furthermore, a relatively high false-positive and false-negative results with TcMEP were also reported during cervical spine surgeries. 9, 14, 15 A recent review questioned the reliability of IONM in preventing neurological injury and improve outcomes. 16 Further study is needed to define the usefulness of IONM in the cervical spine surgery.
IONM, consisting of SSEP and TcMEP, has been a standard of care in the cervical spine surgery in our institution. The purpose of this retrospective study was to correlate the signal changes detected by a multimodality neurophysiological monitoring protocol with the postoperative neurological status in consecutive 200 patients who underwent cervical spine surgery from 2008 to 2009. We hypothesize that SSEP and TcMEP, when used in combination with total intravenous anesthesia (TIVA), may enhance the sensitivity and specificity of IONM, and therefore provide new data to support the usefulness of IONM.
MATERIALS AND METHODS
The present study was approval by the Institutional Review Board, Upstate Medical University. We retrospectively reviewed the consecutive cases of cervical spine surgery performed at our institution between 2008 and 2009 by neurosurgery and orthopedic surgeons and monitored by the same neurophysiological monitoring team. All patients were neurophysiologically monitored with SSEPs, TcMEPs, and electromyography (EMG) during the surgical procedures.
For each patient, a comprehensive chart review was performed and standard demographic and clinical data were collected, including age, sex, height, weight, medical comorbidity, preoperative medications, and smoking status. The preoperative neurological status with respect to limb-specific weakness, and sensory loss, were reviewed. The surgical level and approach, length of surgery, blood loss, and use of implants were identified. The agents used for induction and maintenance of anesthesia in each case were reviewed. The spinal cord-monitoring report was reviewed and all formal SSEP and TcMEPbased alerts were identified. The operative report, anesthesia record, and spinal cord-monitoring records were compared to determine the context of each formal alert, the responsive maneuvers to each alert, recovery of SSEP and TcMEP potentials, and the neurological status of the patient on emerging from anesthesia.
Signal changes during the procedures were recorded as true positive or negative, or false positive or negative, as described by Khan et al. 17 True positive: significant signal changes accompanied by a new postoperative neurological deficit; or a case where significant signal deterioration occurred as the result of a recognized intraoperative cause, event, or complication; or a case where a significant signal deterioration improved to the baseline value after a specific intraoperative intervention. True negative: normal intraoperative signals in the absence of a new postoperative neurological deficit. False positive: persistent significant signal deterioration, which did not improve with intraoperative intervention, and the patient woke up neurologically intact. False negative: normal intraoperative signals with a new postoperative neurological deficit.
Monitoring and Anesthesia
The patients were placed in the supine position for ACS surgery and in the prone position for posterior cervical spine (PCS) surgery. Baseline data were acquired before and after patient positioning but before surgical manipulation. Total intravenous anesthetic technique including propofol and fentanyl infusion was used for all patients. A bispectral index (BIS) monitor was placed before induction on all patients. The infusion dose of propofol (150 to 250 mcg/kg/min) and fentanyl (1 to 1.5 mcg/kg/h) was titrated to effect according to BIS (40 to 60). Succinylcholine (1.5 mg/kg body weight) was used to facilitate intubation. No more muscle relaxants were used after intubation and train-of-four was conducted by IONM personnel to insure that neuromuscular blockade did not affect the neurophysiological responses. No inhalational agents were used for induction and before the completion of neurophysiological monitoring. There was communication between the neurophysiologist and the anesthesiologist attending to avoid anesthesia-related interferences to the signal recording. In some patients, an invasive radial arterial line was placed to monitor blood pressure continuously.
SSEPs
SSEPs were recorded (Cadwell Elite, Cadwell Labs) from C3, C4, Cz, Cs3, and Fpz, according to the International 10-20 System, with a band pass of 500 to 30 Hz to alternating stimulation of the posterior tibial nerve and the median nerve at 4.55 or 4.44 Hz to 50 to 300 averages. Sensory responses were measured at the upper brainstem, and sensory motor cortex by scalp electrodes. Alert signal was defined as a 50% decrease in amplitude or a 10% increase in response latency or unilateral or bilateral changes in amplitude or latency.
Motor-evoked Potentials
The functional integrity of the motor pathway was monitored throughout the surgery. Once the patient had been anesthetized and positioned on the operating table, motor-evoked potential (MEP) testing was initiated. The thresholds for evoking motor were determined using C3 and C4 0 . Cortical stimuli were applied intermittently throughout the surgery at the discretion of the IONM clinician or at the request of the surgeon. At minimum, MEP was acquired before and several times after every surgical maneuver. TcMEP was recorded from the deltoid, biceps, extencer carpi radialis, and thenar muscle in the upper limbs and abductor hallucis brevis muscles in the lower limbs using a band pass of 100 to 1000 Hz. The Digitimer D185 Stimulator (Digitimer Ltd., Welwyn Garden City, Hertfordshire, England) consisted of 3 to 6 pulses at an interstimulus interval of 1 to 4 ms at C3 0 to C4 0 . Multiple high-voltage electrical stimulation trains were delivered (50 to 500 V, pulse width 50 ms, number of trains 3 to 7, and interpulse interval 1 to 5 ms). An alert signal was defined as a 100 V change in baseline stimulus for any muscle group monitored.
Continuous Intraoperative EMG
EMG activity was recorded from the upper and the lower limbs using 25-mm paired stainless-steel needle electrodes insulated to within 5 mm of the tip. The electrodes were transdermally inserted into the deltoid, biceps, extensor carpi radialis muscles in the upper limbs and into the abductor pollicis brevis (foot) in the lower limbs.
RESULTS

Patient Characteristics
As showed in Table 1 , the study population included 200 patients (103 men and 97 women) with a mean age of 55 years. One hundred fourteen patients underwent ACS surgery and 74 patients underwent PCS surgery. Twelve patients underwent a combination of ACS and PCS surgery. The primary indications for surgery are listed in Table 2 . The major characteristics of the study populations are presented in Table 1 .
There were no differences between ACS and PCS patients in weight/height and body mass index. However, PSC patients had more surgical spinal levels than ASC patients (5 to 6 levels vs. 2 to 3 levels). The primary diagnosis for surgery was also identified and is shown in Table 2 .
IONM Alerts Intraoperative Neurological Alerts
A total of 8 neurological alerts were detected in the present study. As shown in Tables 3, 3 patients (2.6%) had SSEP alerts that were related to arm malposition (2 patients) and hypotension (1 patient). Five patients (4.4%) had TcMEP alerts: 4 alerts were caused by significant decrease in blood pressure, and 1 was caused by bone graft compression of the spinal cord (Table 4 ). All 8 patients underwent ACS, and among these patients, 7 (87.5%) were preoperatively diagnosed with cervical spondylotic myelopathy. No neurological alerts were detected in PCS patients.
Sensitivity and Specificity of SSEP and TcMEP Alerts for Detecting Impending Neurological Injury
The sensitivities of SSEP and TcMEP alerts for detecting impending neurological injury were 37.5% and 62.5%, respectively. The specificity for both TcMEP and SSEP was 100%. The sensitivity of both TcMEP and SSEP used in combination was 100%. There were no alerts from spontaneous EMG monitoring in all patients.
Effect of Intraoperative Blood Pressure Change on TcMEP and SSEP
The blood pressure of pre-induction baseline and at the time when evoked potential changes were recorded. The mean arterial pressure (MAP) at preinduction for 5 alerts in patients was 92.2 ± 10.2 mmHg, whereas the MAP at the time when patients had evoked potential changes was 61.1 ± 6 mmHg; there was a significant decrease in MAP (33.7%, P < 0.01). In these patients with a major signal change, either ephedrine or phenylephrine bolus was administered and the monitoring amplitudes reverted to baseline within 5 minutes of increasing the mean arterial pressure to 90 mm Hg or more.
DISCUSSION
The efficacy of SEEP monitoring in complex cervical spine surgery has been suggested by comparing the outcomes between 218 unmonitored and 100 monitored patients. 16 In the unmonitored group, 8 patients (5%) became quadraplegic and 1 patient died. In the monitored group, no quadriplegia or death occurred. In Khan et al's 17 study, the incidence of significant SSEP changes was 5.3% (27 of the 508 patients). The most common identifiable cause of SSEP changes was hypotension. In Myelopathy  16  7  0  23  Stenosis  37  21  8  66  Radiculopathy  10  0  1  11  Traumatic  21  17  2  40  Tumor  1  1  0  2  Other  30  7  3  40 the present study, the incidence of significant SSEP changes was 2.6% (3 of 114 patients). The lower SSEP alerts rate in our study may be due to the different surgeries because it was known that corpectomies had an increased risk of having a major neurophysiological alert compared with other surgeries such as discectomies. 5 In the present study, 2 SSEP alerts were caused by malposition of the arms and 1 alert was due to hypotension. Repositioning of the arms and correction of hypotension resolved the problems and there were no adverse outcomes. Our findings are in agreement with other reports that SSEP is useful to detect impeding peripheral nerve injuries due to improper position of the upper extremities. [18] [19] [20] Lee et al 8 retrospectively reviewed 1445 patients who underwent anterior cervical discectomy or corpectomy and arthrodesis with IONM. In their patients, the significant numbers of alerts occurred during "reversible" maneuvers that can potentially harm the spinal cord. These maneuvers include positioning (eg, neck positioning, arm taping), surgical (eg, distraction, graft insertion, etc.), and nonsurgical (eg, induced hypotension). In the present study, the major alert rate was 7.0% and all occurred in ACS patients and none in PCS patients. In the present study, the majority of the alerts were related to hypotension. These alerts were resolved when hypotension was corrected. None of these patients developed neurological deficits. Malhotra and Shaffrey 21 recently reviewed the literatures and concluded that a combination of SSEP and TcMEP monitoring provides an assessment of the entire spinal cord functionality in real time. In the present study, the sensitivities of TcMEP and SSEP alerts for detecting impending neurological injury were 62.5% and 37.5%, respectively. The sensitivity would be 100% with the combined use of TcMEP and SSEP. The specificity of either TcMEP or SSEP alerts for detecting impending neurological injury was 100%. Our study supports the notion that IONM, whereas SSEP and TcMEP were used in combination, may be sensitive and specific enough to alert the anesthesiologist to an occurrence of iatrogenic neurological compromise.
The ideal anesthesia technique in IONM should have minimal impact on evoked potential signals. Halogenated agents and nitrous oxide are known to affect signal recording and interpretation because they significantly decrease the amplitude and increase the latency. [22] [23] [24] To avoid inhalational agents, TIVA has been introduced and proved to be a suitable technique for IONM. 25, 26 Propofol has been reported to have a dosedependent effect on SSEP and TcMEP amplitude; a combination of propofol and an opioid agent allow recording and interpretation of TcMEP signals successfully. 27 In some practices, TIVA was started until positioning was completed because of the concern of systemic hypotension. 27 In our practice, TIVA was started from induction and continued until the completion of IONM. After induction, hypotension can be prevented by carefully titrating the infusion rate of propofol and fentanyl, and BIS monitoring in the range of 40 to 60. Nondepolarizing muscle relaxants were avoided completely to allow baseline TcMEP signals to be adequately established in all patients. It is of concern that long-time infusion with a large dose of propofol may lead to propofol infusion syndrome, as Wong 28 pointed out that the infusion rate (> 4 mg/kg/h) and duration of infusion (> 48 h) are particularly important risk factors for the development of the propofol infusion syndrome. In the present study, no propofol infusion syndrome was observed. Our study suggests that TIVA with propofol infusion is a safe anesthesia for cervical spine surgery.
Kim et al, 7 in their retrospective study, reviewed 52 patients who underwent cervical spine surgery for myelopathy, and reported a relatively high false-positive value. In their report, all patients received balance anesthesia, including isoflurane and nitrous oxide. These false alerts might affect the surgeons' decision making, and consequently the patients' outcomes. These false alerts may be one of the reasons to restrict the use of IONM in many practices. In the present study, no false-positive or falsenegative results of IONM were recorded. This may be contributed to the following reasons. Firstly, TIVA with propofol and fentanyl was used in all our patients. This anesthesia technique minimally affects the evoked potentials, and therefore facilitates and optimizes TcMEP and SSEP signal recording and interpretation. Secondly, TcMEP was monitored using the threshold technique, which allows us to selectively determine the minimum stimulus needed for each muscle group to reduce the probability of stimulating the deeper white matter motor tracts and bypassing the cortex. 23 Calancie and colleagues described that the "threshold-level" approach tracks the intensity (V) of transcranial electrical stimulation needed to elicit a minimal EMG response from each of the target muscles being monitored (ie, that target muscle's threshold). Under conditions of stable blood-oxygen delivery and anesthesia, increases in a muscle's threshold beyond a certain value reflect deterioration in conduction within corticospinal tract fibers. At our institution, where we work closely as a team, it is possible for us to "run motors at will" often acquiring excellent responses without the surgeon even noticing that we are acquiring responses. Occasionally, we do have individuals who require significantly more stimulation and produce more movement than usual. However, in all cases, we do use the "threshold technique," which we find to be very sensitive to changes. 24 Deiner et al 29 reported that diabetes, hypertension, and anesthetic technique were the most important patient risk factors associated with a failure to obtain lower extremity MEP signals. The ideal techniques for anesthesia and IONM need further investigation.
In the present study, 1 TcMEP alert was caused by bone graft compression to the spinal cord as shown in Figure 1 . The alert allowed the immediate repositioning of the bone graft that resulted in the resolution of the TMEP signals. TcMEP signals may be significantly affected by changes in the blood pressure. 25 Controlled hypotension was sometimes requested by surgeons to reduce surgical bleeding. It is difficult to define an adequate FIGURE 1. The tracing depicting transcranial electrical motor-evoked potential (TcMEP) recording was from a patient undergoing anterior cervical discectomy and fusion of cervical spine. A, Baseline active trace before the incision. B, A neurological deterioration with complete loss of the active trace of the left extensor carpi radialis muscles and the left thenar muscle. It was caused by bone grafting into the spinal cord. The surgeon was alerted immediately and the bone graft was removed and the active trace was recovered. Postoperatively, the patient had no evidence of new neurological impairment. blood pressure to reduce the blood loss and to avoid the spinal cord ischemic injury. In the present study, 4 TcMEP alerts were related to a 38% decrease in blood pressure from the preanesthetic level, although MAP was still around 60 mmHg. After correction of the blood pressure, the alerts resolved. Our study suggests that TcMEP may be a sensitive measure to detect potential vascular compromise to the anterior spinal cord. If controlled blood pressure is required, IONM may be used to avoid potential vascular compromise in the spinal cord.
A limitation in our study is that TIVA was provided for all patients. There was no intention to compare the effect between TIVA and non-TIVA in IONM. From our practice, we believed that TIVA provides satisfactory anesthesia in IONM. TIVA has become a standard technique for cervical spine surgery in our practice. Another limitation is that the number of cases is relatively small and the retrospective design may increase the potential for selection bias. The sensitivity and specificity based on our patients may only be a reference, and a large population study is needed to further define the usefulness of IONM in cervical spinal surgery.
In summary, TcMEP and SSEP monitoring is useful in detecting impending neurological injury during cervical spine surgery. TcMEP seems to be more sensitive than SSEP to detect hypotension-related neurological compromise, whereas SSEP may be more sensitive in detecting impending brachial plexus nerve injury caused by upper extremity malposition or arm ischemia. The use of a combination of TcMEP and SSEP may optimize the early detection of emerging neurological damage during cervical spine surgery (Fig. 1) .
